The test of susceptibility to pyrazinamide requires an acid environment (pH 5.5). This, however, is not favorable to the growth of Mycobacterium tuberculosis, especially in solid agar media. To obviate this difficulty, we developed a testing method with 7H12 broth medium and based on radiometric readings of the growth. The radiometric method employed in this study (BACTEC system) provides an opportunity to detect the dynamics of growth by daily recording of the growth index, which reflects the metabolic activity of the multiplying bacteria. In our technique, M. tuberculosis isolates were initially cultivated at pH 6.8. After logarithmic growth had begun, phosphoric acid solution was added to obtain pH 5.5. When pyrazinamnide was added simultaneously with the acid, the growth index of susceptible cultures decreased, whereas it continued to increase in pH 5.5 control vials and in tests with pyrazinamide-resistant strains.
Strains of Mycobacterium tuberculosis which are susceptible to pyrazinamide (PZA) have a pyrazinamidase (PZase) that hydrolyzes PZA to pyrazinoic acid (POA). PZA-resistant strains of M. tuberculosis do not have this enzyme and are not able to convert PZA into POA (1, 5, 6, 13) . It has been reported (5, 7) that an acid environment (pH 5.5) is necessary for antibacterial activity of PZA, probably due to the conditions under which POA, as the antibacterial moiety of PZA, can work. Many strains of M. tuberculosis grow poorly or not at all on a solid medium at a low pH, making it difficult to perform a valid PZA susceptibility test (12) . Therefore, the PZase activity test, which was proposed originally as a taxonomic test (15) , is used in some laboratories as a PZA susceptibility test (5, 6) . Such use is restricted to M. tuberculosis because some nontuberculous mycobacterial species, although they possess PZase, are resistant to both PZA and POA (5) . There are some limitations to this approach: a false-negative reading (false resistance to PZA) due to insufficient inoculum, poor production of POA due to insufficient growth of M. tuberculosis, and the recently reported fact (3) that strains highly resistant to PZA are not always PZase negative. Furthermore, the PZase activity test does not produce information about the concentrations of PZA to which the culture is susceptible.
An improved method for testing the susceptibility of M. tuberculosis to PZA, recently proposed (2, 3) , is based on the use of 7H10 agar at pH 5.5 (12) , but with the exclusion of oleic acid, which was found to be inhibitory in an acid-agar medium. The authors also developed a special procedure for selecting an appropriate lot of albumin-dextrose-catalase supplement for this medium. Even with this improvement, however, about 10% of cultures did not grow at all at low pH, and the growth of other isolates was partially inhibited, as indicated by the reduction in size of the colonies. These difficulties suggest that further improvements must be made in testing for PZA susceptibility.
Our approach to PZA susceptibility testing, presented in this report, is based on the use of liquid medium, in which the pH is lowered after the growing culture has reached exponential phase. Such (8) and were used for the PZA susceptibility test when the GI was in a range of 500 to 900, which was equivalent to 3 x 105 to 1 x 106 CFU/ml, according to our findings (see below).
PZA solutions. The stock solution of PZA (K & K Laboratories, Inc., Plainview, N.J.) was prepared in distilled water (11.5 mg/ml), sterilized by filtration through a membrane filter, and then dispensed into small tubes and kept at -70°C for not more than 3 months. The following dilutions from this solution were made to obtain appropriate concentrations in 7H12 vials: 1:20 for 25 ,ug/ml; 1:10 for 50 ,ug/ml, 1:5 for 100 ,ug/ml, and 1:2.5 for 200 ,ug/ml. Each of these dilutions was added in a volume of 0.1 ml per 2.0 ml of 7H12 broth in a vial (final volume was 2.3 ml, including 0.1 ml of PZA solution, 0.1 ml of acid solution, and 0.1 ml of the culture inoculum).
Solution for changing pH in growing cultures. Reagent phosphoric acid (85%; 1.0 ml) was added to 63.0 ml of diluting fluid which consists of a 0.2% solution of bovine albumin fraction V (Sigma Chemical Co., St sterilized by filtration and kept refrigerated in small volumes. To reach pH 5.5 in the growing culture, 0.1 ml of the acid solution had to be added to the 7H12 vial (2.0 ml). Two additional acid solutions were prepared for the adaptation procedure: one to alter the pH from 6.8 to 6.0 and the other to lower the pH from 6.0 to 5.7. The first of these solutions was made by adding 1.0 ml of phosphoric acid to 95.0 ml of diluting fluid; the second was made by diluting the first solution in a ratio of 1 to 5. All the solutions were used in a volume of 0.1 ml.
Procedure for radiometric PZA susceptibility test. Four 7H12 vials were inoculated with each culture and their GI was recorded daily. An initial 7H12 culture with a GI in the range of 500 to 900 was used as an inoculum. The inoculum contained 3 x 104 to 1 x 105 CFU in a volume of 0.1 ml per vial. Within 2 to 4 days, when the GI was in the range of 10 to 50, PZA dilutions were added to two vials to make PZA concentrations of 25 and 50 ,ug/ml. These concentrations were chosen in accordance with previous PZA studies (2, 3, 12) . To achieve a valid conclusion, it was important to have approximately the same level and daily increase of GI readings in all four vials. When the GI reached 50 to 150, the acid solution was added to the two vials with PZA and to one vial without PZA (low pH control). This changed the pH level from pH 6.8 to pH 5.5 in three vials. The acid could be added on the same day as PZA. The fourth vial was a control with pH 6.8.
The subsequent daily increase in GI (>20) in the low-pH control is an essential requirement of the test. If this does not occur, it is an indication that the culture is sensitive to low pH, and a special procedure must be undertaken before repeating the experiment (see below). If the GI in the control vial with low pH showed a significant daily increase (>20) within at least 3 to 4 days, the dynamics of this change were compared with those in the vials containing PZA (25 and 50 ,ug/ml). All isolates were tested at least two times, with good reproducibility of the results. A culture was considered susceptible to the given PZA concentration if there was a decrease in GI after the pH was changed. A culture was considered resistant if it had the same daily increase in GI as the control within 3 to 4 days after the pH was changed. The test was repeated with PZA concentrations of 100 and 200 ,ug/ml on cultures resistant to 25 and 50 ,ug/ml.
Procedure for cultures sensitive to low pH. The cultures that would not grow at low pH were recultivated in 7H12 broth (pH 6.8). When the GI was 200 to 300, the pH was altered to pH 6.0, and incubation was continued for 3 to 5 days. The mycobacteria which grew at pH 6.0 were subsequently used to inoculate a second vial of 7H12 broth, which originally had a pH of 6.0. When the culture in this second vial reached a GI of 200 to 300, acid solution was added to it to lower the pH to 5.7, and cultivation was continued for 3 to 5 days. This culture, adapted to the low pH, was used as a source of inoculum for a PZA susceptibility experiment described above. The same adaptation technique was used to perform the agar plate susceptibility test (2, 3) on the cultures that initially would not grow at low pH in agar plates. We use the term adaptation for the sake of convenience, but we realize that what probably happened in the culture, after addition ofthe acid, was selection of a subpopulation which was more tolerant to low pH than the original culture.
Other procedures for testing PZA susceptibility. The cultures were tested by means of two other methods: the PZase activity method of Wayne (15) (CFU) . Between 21 and 24 vials were inoculated with each culture for these experiments. One-third of these vials were used as controls with unchanged pH, one third were used as controls with lowered pH (5.5), and one third were used for tests with PZA (50 ,ug/ml). Samples for plating were taken at different GI levels in the course of cultivation. An allergist syringe with a permanently affixed 27-gauge 0.5-in. (ca. 12.7-cm) needle (Beckton-Dickinson) was used to draw up 0.7 to 0.8 ml of the culture; the plunger was then immediately pushed rapidly so that the medium was forced back into the vial. Two repetitions of this procedure were sufficient to break up most of the clumps. A 0.1-ml sample of the culture was taken for plating. A different vial was used each time for sampling the controls and the PZA-containing cultures. Two to three dilutions were used for plating (as in preliminary studies) so that each plate would contain between 50 and 500 CFU. Four to six plates were used for each sample; each plate was inoculated with a volume of 0.5 ml. The 7H11 agar plates were incubated at 37°C in the presence of 5% C02 for 3 weeks with subsequent colony counts. RESULTS PZA susceptibility testing in 7H12 broth: an example with four cultures. Three cultures (2745, 2738, 2567) were PZase positive and one was PZase negative (D-82-2183). In the radiometric PZA susceptibility test (Table 1) , the following amounts of PZA were added to cultures after 2 days of cultivation: 50,ug/ml in each vial 1, and 25 lig/ml in each vial 2. Phosphoric acid solution was added to change the pH in vials 1, 2, and 3 after 4 days of cultivation for cultures 2745, 2738, and 2567 and after 3 days for culture D-82-2183. The conclusions about the PZA susceptibility of these four isolates were reached within 7 to 10 days after inoculation of the 7H12 vials. A definite decrease in GI readings occurred after the pH was changed in vials 1 and 2 (50 and 25 ,ug of PZA per ml, respectively) in cultures 2745 and 2738 and in vial 1 (50 p.g/ml) in culture 2567, compared with the low-pH control (vial 3). These results were construed to be evidence of susceptibility. The dynamics of GI in vial 2 in culture 2567 exhibited only partial inhibition; consequently, this strain was considered to be on the borderline of susceptibility to 25 ,ug/ml. The Correlation between PZA susceptibility and PZase activity. Cultures that grew well at low pH in 7H11 and 7H12 media (a total of 51, including those after adaptation) were tested by three methods: the PZase activity method, the agar plate method, and the radiometric broth method. The correlation between PZase activity and susceptibility to 25, 50, and 100 ,ug of PZA per ml is shown in Table 2 . Twenty-five cultures, found to be PZase positive, were susceptible to 100 ,ug of PZA per ml in both agar plate and radiometric methods.
Twenty-six cultures, found to be PZase negative, were resistant to 25 ,ug of PZA per ml in both methods. There were two cultures resistant to 25 ,ug of PZA per ml in both methods and one culture resistant to 50 ,ug of PZA per ml that were PZase positive. Two PZase-negative cultures were susceptible to 50 ,ug of PZA per ml in both methods. For a valid quantitative judgement of the correlation between PZase activity and PZA susceptibility, a larger number of cultures needs to be tested. Fig. 1 . In this example, the initial (Fig. 1A and B) . Within the period of cultivation that followed, when the GI was declining, the number of CFU continued to rise until stabilization at 1 x 106 to 2 x 106, which is perhaps the maximum in these conditions. Such a relationship suggests that the observed limitation of growth was probably due to the limited amount of nutrient substances in this medium. The decline of GI observed while the number of CFU was still going up could be explained as the result of early consumption of the radiolabeled carbon source, occurring before the culture conditions became unfavorable to further multiplication of bacteria. In the controls with low pH (Fig. 1B) , the events were the same, with some delay compared with controls that had unchanged pH (Fig. 1A) .
In the experimental vials, PZA (50 ,ug/ml) was added on day 3, when GI was 49 and the number of CFU was 1 x 105/ml. The acid solution to lower the pH to 5.5 was added at the same time to the vials with PZA and to the vials which served as low-pH controls. A difference in both GI readings and the number of CFU between PZA-containing vials and both controls began 24 to 48 h after PZA and acid solutions were added. On day 5 of cultivation, the controls ( Fig. 1A and B) had GIs of 320 and 212 and numbers of CFU of 2.0 x 105 and 1.8 x 105/ml, whereas in the vials with PZA, the GI was 71, and the number of CFU was 6.0 x 104/ml. During the following days of cultivation, the GI reading in PZA-containing vials stabilized with slight decline, reaching a stationary level of CFU in the range of 4.0 x 104 to 6.0 x 104/ml (Fig.  1C) , whereas the events in the control vials (Fig. 1A and B) reflected the usual dynamics of GI and CFU described above. The inhibition of both GI and CFU in PZA-containing vials was irreversible. PZA-containing vials and low-pH control vials, at the moment of maximum GI in controls (day 10 of cultivation), had GIs of 683 and 16, and numbers of CFU of 6.5 x 105 and 3.8 x 104/ml, respectively. The usual difference in other experiments between the control and the test vials in the number of CFU after 4 to 6 days of PZA and acid solutions addition, when the GI reached the maximum in the control, was in a range of 1 logl0 to 2 log10. cultures was demonstrated within a few days after the addition of the acid solution. The inhibitory effect of PZA detected by the radiometric method (daily GI readings) was confirmed in a few experiments by sampling from the same medium for CFU counts. In the radiometric method, close observation of the growth dynamics is essential for choosing the right time to add the PZA and acid solutions to the growing cultures as described above. In addition to providing the opportunity for changing the pH during the process of growth rather than having low pH persist from the beginning, the liquid medium has additional advantages over agar medium: (i) the broth does not contain growth inhibitors, and (ii) even if only part of the bacterial population is tolerant of low pH, multiplication of these latter organisms can provide sufficient numbers for observation of the differences in the growth dynamics in vials with and without PZA. If the proportion of bacteria tolerant of low pH is very small and the culture does not show significant increase in the daily recorded GI, the size of this tolerant subpopulation can be increased by additional subcultivation at moderate pH change (pH 5.9 to 6.0), followed by subcultivation at pH 5.5, before the culture is used for a repetition of the PZA susceptibility test. The subcultivation in broth to make the culture more tolerant of low pH (adaptation, as termed above) can also be undertaken before repeating the agar plate technique for cultures which initially would not grow in low-pH agar medium.
Another advantage of the liquid medium is that the addition of PZA to growing broth culture obviates the problem of local neutralization of acid pH by the bacterial mass, which presents a problem in the use of the agar plate method (7, 12) . There is a likelihood that this advantage could be jeopardized even in the liquid medium if the inoculum were too large (7); this might lead to an accumulation of bacterial mass that could alkalize the médium. To avoid such a possibility, we used an inoculum of a limited size, described above. Under these conditions, we did not notice any significant changes in the pH in the course of cultivation, as was found by measurement of the pH after cultivation. These circumstances kept us from having an opportunity to apply the so-called radiometric proportion method, developed to study the susceptibility of some antituberculosis drugs in the BACTEC system (9, 10, 11) . This method would require controls, for which the inoculum should be diluted 1:100, compared with the drug-containing vials. Such a small inoculum would not produce sufficient growth at the moment when PZA and acid had to be added. Addition of the acid solution to lower pH to 5.5 in the control when the growth has not yet reached the exponential phase would prevent further growth in the control, as we found in our preliminary experiments. These findings emphasize the importance of the inoculum size in PZA susceptibility testing.
The data presented in this report have shown in principle the possibility of performing the PZA susceptibility test in a liquid medium by employing the radiometric method. This is only the first step in developing a new method, for many theoretical and technical problems still have to be solved. Some of these difficulties are not only associated with the radiometric method but with PZA susceptibility testing in general, by any method. One is that any method used requires low-pH cultivation (< 5.5), thus probably leading to the selection of a subpopulation tolerant to low-pH conditions. The mechanism producing this effect is unknown, just as are the mechanisms by which some strains are made tolerant of and some are made sensitive to the lowered pH. We could not find any literature that investigated the question of whether differences in the tolerance to low pH reflected differences in susceptibility (resistance) to PZA or other antituberculosis drugs or combinations of PZA and other drugs. It is not known whether the subpopulation tolerant to low pH inevitably selected by any available PZA susceptibility method reflects the population as a whole. VOL. 21, 1985 McDermott and Tompsett (7) have investigated the effect of a graded series of concentrations of PZA at different hydrogen ion concentrations from pH 4.5 to pH 8.0. The experiments were performed in Tween-albumin and oleic acid-albumin liquid media, which makes their data applicable to the 7H12 broth conditions in our study. McDermott and Tompsett found that the antimicrobial action of PZA increased with an increase in the environmental acidity: the concentrations of PZA which completely inhibited growth of M. tuberculosis were 125 ,ug/ml at pH 6.0 and only 16 ,ug/ml at pH 5.5. No inhibition of growth occurred at pH 6.5, 7.0, and 7.5, even with a higher concentration (250 ,tg/ml) of PZA. These data indicate that the susceptibility of M. tuberculosis to PZA should not be tested at pH 6.0 or higher. Based on these and other (5) 349.) have employed pH 5.5 for both liquid and solid media to determine the antimicrobial activity of PZA. We have followed the same principle in this study. pH 5.5 is not favorable for a certain number of M. tuberculosis strains. In addition to the adaptation procedure suggested above, one more approach can be investigated in an attempt to obviate this problem. This is to study the possibility of testing susceptibility to PZA at pH 5.6 and 5.7. One can assume that these conditions would require higher concentrations of PZA to achieve the same effect as at pH 5.5. It is worthwhile to determine the MIC ranges at these three levels of acidity. We believe that the method described in this report can provide an opportunity for MIC determination, the approach that has not been investigated before in PZA studies. This will require information about a large number of strains isolated from patients never treated with PZA.
One of the technical problems to be solved in connection with the radiometric method suggested in this paper deals with the accuracy of the pH being lowered to 5.5 in the course of cultivation. The technique of adding 0.1 ml of acid solution to 2.0 of medium to achieve pH 5.5 was acceptable in our study, because we have checked the pH after cultivation (the culture was filtered through the Millipore filter) to verify that the actual pH was in the desirable range (pH 5.45 to 5.55) . This study has shown, in principle, that lowering the pH in the course of cultivation provides a good opportunity to test PZA susceptibility, and now it is reasonable to develop special products for this test. One such is 7H12 broth with pH 5.8 to 5.9, the level of pH which is still acceptable for initial growth of M. tuberculosis, as we found in our current studies. Lowering pH to 5.5 from a range of 5.8 to 5.9 instead of 6.8 should increase the accuracy of the procedure significantly. The other product is the phosphoric acid solution made in 7H12 broth, instead of diluting fluid. The use of this solution will give an opportunity to add 0.5 ml instead of 0.1 ml to lower the pH to 5.5. This approach should also decrease the variability and make the method more accurate.
Good correlation was found between two PZA susceptibility testing methods, employing radiometric and agar plate techniques, and between these results and PZase activity. These 
